The pulmonary and systemic circulations differ in two important respects. Firstly, the former is a low pressure system and, secondly, it responds to hypoxia by vasoconstriction rather than vasodilatation. The normal mean pulmonary artery pressure is about 14 mm Hg, a pressure that is maintained even on exercise. Cardiac output can rise up to four fold but, because of vascular recruitment, the pressure remains low. This ensures that the perfusion pressure of the lungs also remains low and that the thin walled right ventricle is not stressed. Hypoxia causes pulmonary vasoconstriction. This mechanism is thought to be responsible for maintaining the closed fetal circulation before birth and for matching perfusion to ventilation after birth. In the face of generalised alveolar hypoxia such as occurs at altitude or with lung disease, however, this adaptive mechanism is malign and the generalised vasoconstriction results in hypertension. Pulmonary hypertension is defined as a mean pulmonary artery pressure >25 mm Hg at rest, or 30 mm Hg on exercise, in the presence of a cardiac output of <5 I/min. The disease occurs most commonly in response to hypoxic lung disease, but can also accompany thromboembolism, left to right cardiac shunts, and living at high altitude. Another rare disease, primary or unexplained pulmonary hypertension, occurs particularly in young women. Until recently the prognosis of this condition was very poor, but the use of vasodilators and lung and heart-lung transplantation have improved this somewhat. There is still no evidence that vasodilators other than oxygen have improved the prognosis of secondary pulmonary hypertension, but there are good theoretical reasons why the morbidity of pulmonary hypertension due to chronic hypoxic lung disease and other forms of secondary pulmonary hypertension might improve if a selective pulmonary vasodilator could be developed.
Thus, pulmonary hypertension occurring in association with chronic airflow obstruction is an independent predictor of mortality.' The pulmonary artery pressures measured in patients with chronic lung disease are not particularly high (about 40 mm Hg), but this pressure rises on exercise2 and during sleep when alveolar ventilation is diminished further.' The wellbeing of the patient depends on tissue oxygenation, which in turn depends on the heart and lungs working in concert. If the lungs are afflicted by irreversible disease, improving cardiac function is the only way to improve oxygen delivery. This really means that right ventricular function must be favourably influenced, as it has now been shown convincingly that the right ventricle functions poorly in chronic airflow obstruction, even when subjected to modest increases in pressure.
Normal pulmonary vascular control The low pulmonary artery pressure sustained in a normal subject depends on two components: firstly, the high compliance of the major pulmonary blood vessels and, secondly, the state of tone of the peripheral precapillary resistance vessels. As in the systemic circulation, it is likely that systolic pressure is a function of right ventricular stroke volume and major vessel compliance, while diastolic pressure depends on peripheral pulmonary vascular resistance. In pulmonary hypertension there is thickening of the major vessels and a narrowing of the peripheral vessels. Both features could cause pulmonary hypertension, particularly when cardiac output is raised on exercise. Despite intensive research carried out over many years, the factors that maintain low pulmonary vascular tone and the causes of increased tone in the face of, for example, alveolar hypoxia remain enigmatic. It seems increasingly likely, however, that the state of tone of vascular smooth muscle depends on endothelial factors. Endothelial cell derived vasoconstrictors include endothelin-1, angiotensin II, and platelet derived growth factor. Endothelial cell derived dilators include prostacyclin, endothelium derived relaxing factor (EDRF, now believed to be nitric oxide) and, most recently, endothelium derived hyperpolarising factor (EDHF).4 The interaction between these mediators in the maintenance of normal low vascular tone, the vasodilatory response to increased cardiac output, and the vasoconstrictive response to hypoxia remain subjects of intense research effort and speculation.
The final common pathway of both vasodilators and vasoconstrictors is considered in the figure. Contraction requires an increase in the concentration of free cytosolic calcium. This may occur either because of the opening of calcium channels permitting calcium to enter the smooth muscle cell, or the release of bound calcium into the cytoplasm. Vasodilators work either by influencing calcium channels or by other mechanisms to reduce cystolic calcium. This may include a primary effect on the cellular potassium channels which, in turn, control calcium flux. It is clear that there are several possible mechanisms whereby vasoactive agents could cause contraction or dilatation of pulmonary vessels, either by acting directly on the smooth muscle itself or via the endothelium. Even when they act directly it is likely that the endothelium, if intact, modulates their effects.
Hypoxic pulmonary vasoconstriction Hypoxic vasoconstriction is unique to the pulmonary circulation and has remained an object of interest to physiologists and clinicians since it was first described by Von Euler in 1946 in the anaesthetised cat. 5 The continual interest by clinicians in hypoxic pulmonary vasoconstriction results from the role of the reflex in the physiological and pathophysiological control of the circulation, whereby it shunts blood away from the unventilated fetal lung and matches ventilation to perfusion in the adult lung. It is probably significant in the development of pulmonary hypertension in patients with hypoxic lung disease and has provided great interest to physiologists who wish to understand the nature of the oxygen sensor and how low levels of oxygen are transduced to a vasoconstrictive response.6
Hypoxic pulmonary vasoconstriction does not depend on the substantial sympathetic innervation of the pulmonary vasculature because it occurs in the isolated lung and in the isolated pulmonary vascular ring. It does seem to depend, however, on endothelial control, and several pieces of evidence point to this conclusion. Firstly, chronic hypoxia impairs the release of EDRF (nitric oxide)7 and, secondly, nitric oxide reverses acute hypoxic vasoconstriction.8 Thirdly, inhibitors of nitric oxide synthesis appear to augment hypoxic pulmonary vasoconstriction.9 These studies have all suggested that a reduction in nitric oxide release, caused either by damage to the endothelium or by inhibition of nitric oxide synthesis, modulates the vascular response to hypoxia. The endothelium could also play a part by secreting a constrictor factor in response to hypoxia. There is some evidence that this is true, since endothelial removal appears to block hypoxic vasoconstriction in human pulmonary vascular rings,'0 and blockade of the receptors for the endothelium derived constricting factor endothelin-1 appears to diminish the hypoxic vascular response (T Stelzner, personal communication). It therefore seems likely that the endothelium at least modulates, if not controls, the vasoconstrictive response to hypoxia.
A further mechanism of vascular control has recently been discovered and is likely to be very important. It has been claimed that potassium channels represent the hypoxia sensor for pulmonary vascular smooth muscle cells by controlling the state of depolarisation of the membrane." It is postulated that hypoxia closes potassium channels causing depolarisation, thereby opening calcium channels and causing increased cytosolic calcium and vasoconstriction. This theory is supported by work with patch clamping on cultured vascular smooth muscle cells from the pulmonary artery and mesentery"2 which showed that hypoxia decreased outward potassium current and increased inward calcium current in the pulmonary artery but not in the mesenteric blood vessels. This effect was independent of internal or external calcium concentrations. Hypoxic contraction of the pulmonary artery was blocked by the potassium channel opener cromakalin and enhanced by the potassium channel closer glibenclamide. At last it appears that a mechanism has been found to explain why the pulmonary vascular response to hypoxia (vasoconstriction) differs from the systemic vascular response (vasodilatation). Manipulation of potassium channels may provide our best chance of developing a selective pulmonary vasodilator.
Theoretical aspects of vasodilator therapy in the pulmonary circulation When they are developed, selective pulmonary vasodilators should represent an enormous therapeutic advance because most forms of cardiorespiratory disease result in pulmonary hypertension, which further compromises cardiac function. At present the only generally available selective pulmonary vasodilator is oxygen. The first priority of any clinician dealing with a patient with pulmonary hypertension should therefore be to ensure that alveolar oxygen concentrations are optimised, if necessary by using domiciliary oxygen therapy. The MRC and NOTT studies3 "4 both showed that patients given continuous oxygen for more than 15 hours per day survived longer than those given oxygen for a shorter period. If the oxygen was given for 24 hours, the prognosis was even better. Whether or not these positive results are attributable to improvements in pulmonary vascular resistance or some other effect of oxygen remains uncertain. The MRC trial, for example, showed that survival improved in those patients receiving oxygen even if pulmonary vascular resistance remained unchanged. This led many clinicians to conclude that the effects of oxygen on the pulmonary circulation were unimportant.
There is, however, more evidence that domiciliary oxygen can lower pulmonary vascular resistance when given on a long term basis'5 by improving cardiac function and oxygen delivery. The provision of domiciliary oxygen should therefore remain a priority for all patients with chronic airflow obstruction and severe hypoxaemia. It would clearly be an advantage if, in addition to oxygen therapy, other selective pulmonary vasodilators were available. Areas of promise include drugs that open potassium channels,'2 adenosine,"6 serotonin antagonists,'7 and nitric oxide. Nitric oxide is not a specific pulmonary vasodilator but, because it is a gas and is therefore inhaled, its first site of action is the pulmonary vasculature. It has a very short circulating half life as it becomes bound to haemoglobin so it does not reach the systemic circulation. Nitric oxide is likely to become much more widely used. In animal models it has been shown to reverse pulmonary vasoconstriction due to heparin protamine or hypoxia.8 It has also been used in humans with pulmonary hypertension. Studies in adults show that it selectively dilates the pulmonary circulation '8 and in children with neonatal pulmonary hypertension it can reverse pulmonary hypertension and may provide permanent benefit. '9 When assessing any vasodilator for its effects on the pulmonary circulation strict criteria must be applied, which currently necessitates the insertion of a balloon tipped, flow directed pulmonary artery catheter of the thermodilution type and a radial arterial line for the monitoring of systemic blood pressure and arterial gas tensions. The danger of using vasodilators in pulmonary hypertension is catastrophic circulatory collapse which can only be prevented if there is constant and thorough monitoring of the central circulation during the procedures. A vasodilator can be considered effective if there is a fall in both pulmonary artery pressure and pulmonary vascular resistance (pulmonary artery pressure pulmonary artery wedge pressure/cardiac output.)20 These criteria are very restrictive because they imply no effect of a vasodilator in the more common situation in which cardiac output rises without a fall in pulmonary artery pressure. It is difficult to see how the increased cardiac output could be accommodated in the pulmonary circulation without a rise in pulmonary artery pressure in the absence of pulmonary vasodilatation, but there is no doubt, however, that it is preferable to see a fall in both pulmonary artery pressure and pulmonary vascular resistance. This is because, if pulmonary artery pressure remains the same, the increase in cardiac output must increase right ventricular work. Most workers would regard as successful a trial of vasodilators in patients in whom there was a more than 30% improvement in pulmonary vascular resistance. Nonetheless, survivors have been shown to be those in whom this decrease in resistance was also accompanied by a fall in pulmonary artery pressure.21
Use of vasodilators in primary pulmonary hypertension There is now convincing evidence that vasodilators improve the long term survival in patients with primary pulmonary hypertension. They may also act as a bridge between diagnosis and heart-lung or lung transplantation. These patients require careful assessment in units specialising in pulmonary circulatory disorders. All causes of secondary pulmonary hypertension such as primary lung disease, thromboembolism, intracardiac shunt, and pulmonary vasculitis are first excluded. Secondly, an acute vasodilator study, usually with intravenous prostacyclin is performed. During this study patients must be monitored as described above. If a positive vasodilator response occurs, either continuous intravenous prostacyclin or, more commonly, high dose calcium antagonists can be administered. Continuous intravenous prostacyclin for primary pulmonary hypertension was first described by Higgenbottam et al22 but there have been several subsequent trials, including a large study, which showed the success of this therapy.2' Continuous prostacyclin is, however, extremely expensive, costing approximately £200 000 per year and is used rarely. The mainstay of vasodilator therapy is therefore high dose calcium antagonists, titrated carefully to prevent fatal circulatory collapse.24 Nifedipine (30-120 mg per day) and diltiazem (120-720 mg per day) have both been given successfully. Verapamil is not recommended because of its negative inotropic effects. The major adverse effects of the calcium channel antagonists are decreased cardiac output due to negative inotropic effects, diminished systemic blood pressure, and salt and water retention.
Use of vasodilators in secondary pulmonary hypertension PULMONARY THROMBOEMBOLISM
It is widely believed that thromboembolism represents a fixed obstruction to the pulmonary circulation, but evidence suggests that pulmonary vascular tone is increased in these patients.25 26 The optimal treatment is thromboendarterectomy but, if this is impossible, a vasodilator trial may provide benefit. There is evidence that pulmonary vasodilatation can be induced with prostacyclin in pulmonary thromboembolic disease but the effects of long term vasodilator treatment in this condition are unknown. Patients need full assessment and a period of anticoagulation. If this fails and endarterectomy is impossible, a formal acute vasodilator study using prostacyclin can be considered.
PULMONARY VASCULAR DISORDERS ASSOCIATED WITH SYSTEMIC DISEASE
The most important disease in which a pulmonary vasculitis seems to dominate is systemic sclerosis. In this condition lung function may remain only minimally disturbed and the patient's breathlessness is due to pulmonary hypertension. It has been shown recently that these patients have a form of Raynaud's phenomenon affecting the pulmonary circulation. 27 It has also been shown that, in contrast to patients with primary pulmonary hypertension, the vasculature appears to dilate with increases in inspired oxygen. 28 These two findings suggest that the circulation may be labile in systemic sclerosis and work is now being done to determine whether the wellbeing of patients can be improved with vasodilator therapy.
Chronic hypoxic lung disease It is well known that chronic hypoxic lung disease, particularly when associated with type II respiratory failure, is accompanied by pulmonary hypertension. There is evidence that this circulatory abnormality is particularly important in those patients in whom fixed airflow obstruction precludes adequate oxygenation. There have consequently been many studies in this condition using a wide variety of vasodilators including nifedipine,2930 hydralazine," pirbuterol,32 33 verapamil,'34 and methyldopa. 35 In most of these studies a modest vasodilator effect was observed, sometimes with an improvement in oxygen delivery, but there has been no long term improvement in pulmonary vascular haemodynamics. At present there is therefore no reason to perform further vasodilator studies in this condition using non-specific agents. Until a selective vasodilator is available, clinicians should concentrate on improving lung function and reversing hypoxia.
The angiotensin converting enzyme inhibitors may be of greater interest because there is considerable evidence that the fluid retention that characterises hypoxic lung disease is due in part to renal dysfunction. Since angiotensin converting enzyme inhibitors reverse the effect of the renin angiotensin system and are also vasodilators, they may be of value, but this remains unproven. '6 Conclusion In primary pulmonary hypertension there is now good evidence that vasodilator therapy can improve prognosis and act as a bridge to heart-lung or lung transplantation. Despite considerable evidence that pulmonary hypertension and right ventricular dysfunction are important in the morbidity associated with chronic hypoxic lung disease, there is currently no means of improving these haemodynamic variables. If selective pulmonary vasodilators become available in the future they are likely to have widespread use in both cardiac and respiratory medicine.
